In order to estimate possible changes in the flood regime in the mountainous regions of Slovakia, a simple physically-based concept for climate change-induced changes in extreme 5-day precipitation totals is proposed in the paper. It utilizes regionally downscaled scenarios of the long-term monthly means of the air temperature, specific air humidity and precipitation projected for Central Slovakia by two regional (RCM) and two global circulation models (GCM). A simplified physically-based model for the calculation of short-term precipitation totals over the course of changing air temperatures, which is used to drive a conceptual rainfall-runoff model, was proposed. In the paper a case study of this approach in the upper Hron river basin in Central Slovakia is presented. From the 1981-2010 period, 20 events of the basin's most extreme average of 5-day precipitation totals were selected. Only events with continual precipitation during 5 days were considered. These 5-day precipitation totals were modified according to the RCM and GCM-based scenarios for the future time horizons of 2025, 2050 and 2075. For modelling runoff under changed 5-day precipitation totals, a conceptual rainfall-runoff model developed at the Slovak University of Technology was used. Changes in extreme mean daily discharges due to climate change were compared with the original flood events and discussed.
Introduction
The incidence of several extreme floods in Slovakia over the past decade (Št'astný and Majerčáková, 2003) has led to concerns about increases in the frequency and intensity of extreme precipitation in relation to increases in the atmospheric water vapour content due to global warming. In Slovakia, extreme daily precipitation totals from the 1950-2000 period were analysed by Gaál et al. (2004) at 557 stations, and new design values of K-day (K = 1 to 5 days) precipitation totals for the Slovak territory were developed. Maps of annual maximum K-day precipitation totals with return periods of 50 and 100 years for Slovakia were prepared that indicate a serious risk of high precipitation totals.
The analysis also showed that the dependence of maximum daily precipitation totals on altitudes was insignificant. Nevertheless, the mountainous areas exhibit more cases of daily precipitation totals above 100 mm than do the lowland areas. For estimating future flood risks in mountainous regions, a simplified physically-based model for the calculation of shortterm precipitation totals at changing air temperatures and humidity was proposed, which has been used to drive a conceptual rainfall-runoff model (Lapin and Hlavčová, 2003) . Possible changes in the potential evapotranspiration regime since 1951 and scenarios up to 2100 have been studied by Lapin et al. (2014 Lapin et al. ( , 2015 . This approach has been used in the upper Hron river catchment in Central Slovakia, where extreme daily precipitation events with durations of 5 days as representative of the flash flood regime have been selected and analysed.
Methods

Climate scenarios of changes in extreme precipitation events
The latest outputs of GCM and RCM scenarios present daily and monthly values of mean, maximum and minimum air temperatures, the variability of precipitation, air humidity, and air pressure. Precipitation and some other elements are mostly dependent on air temperature, air humidity and atmospheric circulation conditions. Scenarios of changes in selected climatic elements in Slovakia have been prepared using model outputs from the Canadian Global General Circulation Model (GCM) called CGCM3.1 and the SRES-B1 (optimistic) and SRES-A2 (pessimistic) emission scenarios, issued in 2011, and the KNMI (Dutch) and MPI (German) Regional Circulation Models, both of which are based on the German ECHAM5 GCM boundary conditions and the SRES-A1B (moderate) emission scenario, issued in 2011 (Lapin et al., 2012) . All the models are coupled, namely atmosphere-ocean circulation models with greenhouse gasses and aerosols that influence changes in radiative forcing. The results and scenarios of these models are comparable with previous ones based on GCM S , CGCM1, CCM2, GISS98 and others applied in Slovakia. Analyses of the changes in runoff regimes based on these older scenarios have been published, as in Hlavčová et al. (1999); Majerčáková (2000) ; Kostka and Holko (2001) ; Pekárová and Miklánek (2001); Petrovič (2000) . Teleconnections of inter-annual streamflow fluctuation in Slovakia with Arctic and North Atlantic Oscillations have been studied by Pekárová and Pekár (2007) .
Based on a regional downscaling of the above models, scenarios of the long-term monthly means of air temperature, water vapour pressure and precipitation have been projected for Central Slovakia (only the 2075 time horizon is shown in Table 1 (Lapin et al., 2012; .
In the case of the 1981-2010 base period (Table 1) , the values of the dT, qe and qR scenarios are only slightly different for the air temperature (in the convective April-November season, the dT is lower by about 0.7 • C using the CGCM3.1 GCM and by about 0.1 • C using the KNMI and MPI RCMs). The scenarios of the water vapour pressure and precipitation totals are nearly the same (the deviations are mostly below 5 %).
A simplified equation for calculating short-term precipitation totals at changing air temperature (T ) was developed by Lapin (Lapin and Melo, 2004) :
ds dp dp dt ,
where g = 9.81 m s −2 , ω = dp/dt = −ρgw -e.g., generalized vertical velocity, w -vertical component of the wind velocity vector, s -specific air humidity above the condensation level p c , p -air pressure, t -time, ρ -air density. For the water vapour partial pressure (e) and specific humidity (s), a relation exists: The dependence of the saturated s (s*) on T at the 900 hPa level is shown in Fig. 2 . It is assumed that all the water falls immediately after condensation as precipitation on the Earth's surface. The decrease in s* at a vertical air motion is in accordance with the adiabatic process for saturated air. In the case of the rising s* (at a higher T), w is also generally increasing, but it depends on the vertical temperature gradient and the vertical thermal instability. Assuming an increase in the turbulent exchange of air humidity and energy at a higher T by 3-4 • C in saturated air, the condensation process (and precipitation totals as well) can increase by another 10-50 % in On the basis of this algorithm 5-day precipitation scenarios (Table 2) can be approximately designed. They follow the T and s outputs of the CGCM3.1, the KNMI and MPI-based scenarios do not assume that the w at the condensation process will slightly increase with rising T and s (also, the atmospheric turbulence increases precipitation totals, mainly in the summer months). The dependence of s* on T is shown in Fig. 2 . The projected increase in precipitation totals for extreme precipitation events is up to 20 % higher for the short-term (stormy) totals and up to 10 % higher Fig. 1 . Dependence of 30-minute precipitation totals (R) on specific humidity s* at the 900 hPa level (considered as a condensation elevation) and on mean vertical velocity (w); the values of ds* and dR show an increase in air temperature of 4
• C. The contributions of increased w due to rising air temperatures and increased turbulence have to be taken into account (about +30 %). for 3 to 5-day totals compared to Table 2 (also depending on the intensity of the turbulence). All the data in Table 2 are presented for events with no changes in the vertical velocity (w) in the 2075 time horizon and the April to November season.
The values presented in Table 2 can be increased by quotients from 1.10 to 1.20 due to turbulence and increases in vertical velocity w at higher temperatures in the convective season of the year. The average quotients are 1.10 in case of 5-day totals for all the months from IV to XI. For the 1-day and shorter extreme totals are of 1.10 in IV, X and XI, 1.20 in VI, VII and VIII, and 1.15 in V and IX are seen as optimal. These quotients can also be used for comparisons with the 1961-1990 base period. In the case of the 1981-2010 base period, the quotients in the Table 2 are lower because of the higher mean temperatures in 1981-2010 than those in 1951-1980. In the following part of the study, 20 events of the most extreme basin averages of 5-day precipitation totals in the Hron river basin were selected from the period of 1981-2010. Only events with continual precipitation over 5 days were considered. The daily precipitation totals during the selected extreme events were modified according to the assumed changes in the extreme 5-day precipitation totals for the 4 climate scenarios and the time horizons of 2025, 2050 and 2075 (Table 2) . Based on an assumption of dry periods between extreme precipitation events in the future, other daily precipitation totals in the original data set were changed according to the climate change scenarios (Table 1 for T and R, Table 3 for potential evapotranspiration E 0 ). The air temperature, precipitation totals and potential evapotranspiration were modified for the whole period of 1981-2010 according to the climate scenarios in a monthly time step for each day. The changes (increases were positive, decreases were negative) in potential evapotranspiration [%/month] in comparison with the reference period of 1951-1980 or 1981-2010 according to the 4 GCMs/RCMs and the Zubenok method are illustrated in Table 3 ( Lapin et al., 2014) .
In case of the 1981-2010 period the quotients are about 0 % to 2 % lower because of different input data in 1981-2010 compared those in 1951-1980 (Table 3) . The values of E 0 has been calculated by the Zubenok method depending on the saturation deficit obtained from daily data and different monthly equations during the year and in selected geobotanic regions.
Rainfall-runoff model for modelling extreme floods
The HRON rainfall-runoff model used in the presented study for the simulation of catchment runoff belongs to a group of conceptual lumped models. It primarily works in a daily time step and has been built on the basis of the Swedish HBV model (Bergström, 1976) by following its main structure. The different components of the hydrological cycle are represented by two reservoirs within the HRON model: 1) the upper reservoir used to simulate fast surface runoff and hypodermic flow, and 2) the lower reservoir acting as a storage space for underground water which simulates the base flow. The model is further divided into three separate modules, which are represented by snow, soil, and flow routing modules. The snow module simulates the process of the accumulation and melt of snow cover using a simple concept of threshold temperatures and a degree-day melting approach (Golledge and Levy, 2001 ). The module utilizes three threshold temperature parameters, where the first two partition the mean daily precipitation into rain (tempRain) and snow (tempSnow), based on a ratio calculated using the rain and snow temperature threshold parameters. The third temperature threshold determines the melting temperature (tempMelt) of snow accumulated in the catchment. Snow melt starts at air temperatures higher than tempSnow and is proportional to the degree day factor (DDF) and the difference between the actual and tempSnow temperature. The last parameter of the snow module (SCF) corrects the difference between the real and measured amount of snow, which arises from the inaccuracy of rainfall gauges during snowfall events. The soil module represents the hydrological processes taking place under the soil surface. It simulates the process of the generation of individual runoff components and changes in the state of the catchment. The saturation of the catchment with water is given by the amount of water stored in the three fictive reservoirs. The first represents the amount of water stored in the upper soil layers (soil moisture) and is driven by three model parameters: the maximum soil moisture storage (FC), the soil moisture state, above which the evaporation occurs at its potential rate (LPE), and a parameter (RC) determining the amount of water contributing to the upper reservoir store.
In the third module all the runoff components are simulated in the upper and lower reservoirs. The upper reservoir is fed with the excess rainfall and water seeping from the soil moisture store. In this reservoir overland and hypodermic flows are simulated through very fast (K0) and fast (K1) storage coefficients, while the overland flow only occurs when the amount of water stored in the upper reservoir is higher than the threshold (UZL).
The lower reservoir is fed with water percolating from the upper reservoir at a constant rate given by a parameter (PERC). It simulates the base flow using a slow storage coefficient (K2). The routing module transforms all the flow components from both reservoirs using a triangular function described by a parameter (MAXBAS). The 14 free parameters (Valent et al., 2012) were estimated in the automatic calibration process described in the next section (Table 4) . The rainfall-runoff model presented in the study is used for the continuous and subsequent event-based simulation of the catchment runoff in a daily time step. In the first case the model is used to simulate the catch-ment runoff from the whole period in order to obtain a better idea of the amount of water stored in the catchment. In the second case the model is only used as an event-based model to simulate runoff induced by the selected 5-day rainfall events. In this case the results from the continuous simulation are used to adjust the antecedent conditions in the catchment. This task requires that the model perform equally well on low and high flows. In order to do so, a new 2-regime modelling scheme was proposed. In this scheme different sets of parameters were used to simulate low and high flows respectively. The decision as to which regime (the set of parameters) is used to simulate the flow on day i depends on the value of the flow from the previous day i − 1.
Calibration of the model and efficiency measures
The calibration of the 2-regime rainfall-runoff model used was divided into three steps. In the first step the parameters used to simulate low and medium flows were estimated using an automatic calibration procedure that utilizes a harmony search algorithm (see e.g. Geem et al., 2001) . In this case a split-sample calibration procedure (see Klemeš, 1986 ) was used where the observed time period was split into two halves (1981-1995 and 1996-2010) . Each half was then used for the model's calibration, while the second half was used for its validation. The best parameter set was selected based on the value of the Nash-Sutcliffe efficiency criterion (NSE), which was used as an optimization function (Nash and Sutcliffe, 1970) .
In the second step of the 2-regime model's calibration, the parameters used to simulate high flows were estimated. In this case the optimization algorithm minimized the sum of the squares of the residuals (SSR), which was only calculated for the largest flood events selected.
The floods were selected from the whole time period using the peaks over threshold (POT) method, when 4 flood events per year were selected on average (a total of 120 events). In order to simplify the estimation of the beginning and the end of a particular flood event, they were set as ±2 days from their peaks. The last step of the calibration included the estimation of the threshold determining whether the catchment runoff was considered as low or high. This threshold was estimated using a pattern search algorithm (Hooke and Jeeves, 1961) with SSR used as an objective function, which was again only calculated for the flood events selected.
In order to account for the model and calibration scheme's uncertainties, 10 independent calibrations were executed (10 for each of the data halves) (see e.g. Gupta et al., 2005; Valent et al., 2012) .
The model was calibrated 10 times using both the first (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) and second (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) halves of the input dataset. The Table 5 shows the NS values calculated for the whole dataset and the SSR calculated for the high flows. For the simulation of runoff in changed climate conditions the set of model parameters obtained from the calibration period 1996-2010 and the iteration number 9 was chosen. Table 5 . The results of the calibration and validation of the two-regime rainfall runoff model. Cal. 1981 -1995 Val. 1996 -2010 Val. 1981 -1995 Cal. 1996 -2010 An improvement of the model ability to simulate high flows is illustrated in Fig. 3 where hydrographs of an observed flood wave and simulated flood waves by the one-and two-regime model are graphically compared. The improvement is also visible in the comparison of cumulative frequency curves of observed and simulated maximum mean daily discharges of the selected 120 events (Fig. 4) . 
Short description of the upper Hron river basin
The Hron River is a left-side tributary of the River Danube; its basin is located in Central Slovakia. The catchment is feather-shaped and located along the long main river with its numerous shorter tributaries. The upper part of the basin with its outlet in Banská Bystrica as a representative for the mountainous regions of Slovakia was selected for this study. The basin has an area of 1766 km 2 ; the minimum elevation of the basin is 340 m a.s.l.; the maximum elevation is 2004 m a.s.l.; and the mean elevation is 850 m a.s.l. Seventy percent of the basin's area is covered by forest, 10 % by grasslands, 17 % by agricultural land and 3 % by urban areas. The location of the basin within the territory of Slovakia is shown in Fig. 5 . 
Results
In the following part of the study the impact of climate change-induced extreme precipitation totals on the flood regime in the upper Hron River basin was estimated. First, 20 events of the most extreme basin averages of 5-day precipitation totals were selected from the period of 1981-2010. Only events with continual precipitation over 5 days were considered. The dates of the selected precipitation events, 5-day precipitation totals, maximum and minimum daily precipitation during the events are listed in Table 6 .
The continuous and event-based simulations of flood events in changed climate conditions were provided using the calibrated Hron rainfall-runoff model. In the first step the model was used to simulate the catchment runoff continually for the period 1981-2010. The input data to the model (the mean daily air temperatures, daily precipitation totals and daily potential evapotranspiration) were modified for the whole period according to shown in Fig. 6 . The changes in mean daily discharges due to changes in extreme precipitation were calculated for each flood induced by one of the 20 highest 5-day rainfall events. Fig. 7 illustrates boxplots showing the relative changes in maximum mean daily discharges of 20 flood events simulated for the various climate scenarios and for three time horizons (2025, 2050, 2075) in comparison with simulated original flood events. The maximum and median of percentual changes are listed in Table 7 .
The analysis of changes in extreme events due to climate change can indicate an increase in extreme short-term precipitation and an increase in the floods caused. From the results of all the simulated events, it can be seen that in comparison with the original runoff, the maximum mean daily discharges of the simulated flood waves can increase up to 43-55 % in 2025, up to 94-115 % in 2050, and up to 115-166 % in the 2075 time horizon. Table 7 . The maximum and median of relative changes in the maximum mean daily discharges of 20 flood events simulated for the various climate scenarios and for three time horizons (2025, 2050, 2075) The median of the changes in the maximum mean daily discharges is in the range of 16-28 % in 2025, 15-24 % in 2050, and 28-49 % in 2075. 
Conclusions
It is possible to prepare climate change scenarios such as daily data series and extreme weather events from the modified outputs of the latest regional climate change models (RCMs). This is mainly due to the more detailed topography and better physics of the newest RCMs with a 25 × 25 km resolution of the grid points. The regional and local modifications (statistical and dynamic downscaling) of the RCM outputs need high-quality measured data during the control period (the 30-year period from 1951-2010) as well as high-quality hydrological data measured during extreme flood events. The methodology proposed for the calculation of short-term precipitation totals at changing air temperatures by the simplified physically-based model results in more representative extreme short-term precipitation totals, which are higher in comparison with the direct outputs from GCMs and RCMs. This is mainly influenced by smoothed precipitation totals fields in climatic models due to the horizontal resolution of the grid points (25 × 25 km to 300 × 300 km), which does not sufficiently represent actual precipitation conditions during extreme events.
From the analysis of the changes in extreme events due to climate change, an increase in extreme 5-day precipitation totals and floods was indicated. The uncertainties of the methodology used can affect the estimation of the model parameters which were calibrated using the data from the period 1981-2010 and transferred to the future time horizons. Nevertheless, an estimation of the impact of climate change on a flood regime by continuous and event-based simulations of floods using a rainfall-runoff model allows for the inclusion of physically-developed scenarios for changes in 5-day extreme precipitation totals. The results of the simulated changes in extreme floods can be more realistic and provide better assumptions for increases in flood risks in the future.
On the one hand, it is assumed that possible changes in future precipitation regimes can modify extreme floods due to the more frequent occurrence of dry periods prior to significant 5-day precipitation events. On the other hand, extreme precipitation events can be even more significant due to dynamic causes (increases in the atmospheric vertical velocity, better dynamic conditions for thunderstorms and the development of mesocyclones) -see Fedorovich et al. (2004) ; Lapin et al. (2012); IPCC (2014) .
